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It is believed that during repigmentation of vitiligo, 
inactive melanocytes in the outer root sheath of the 
hair follicle become activated, proliferate, and mi-
grate into the depigmented skin. However, the mech-
anisms controlling melanocyte migration remain to 
be elucidated. In this study, we investigated the 
effects of well-described melanocyte growth factors 
on melanocyte migration. Using time-lapse photog-
raphy, we demonstrated that melanocyte chemoki-
netic movement was induced by basic fibroblast 
growth factor, stem cell factor, and endothelin-l, 
with the greatest effect noted using 100 nM endothe-
lin-1. Similar results were reported previously with 
leukotriene C 4 • When surrounded by these stimuli, 
melanocytes moved in a random, nonlinear fashion 
and showed no desensitization at the concentrations 
studied. 
In Boyden chamber checkerboard analysis, basic 
fibroblast growth factor, leukotriene C 4 and endothe-
t has been shown that cell motility can be enhanced by 
growth factors in many different cell types [1]. For example, 
basic fibroblast growth factor (bFGF) is known to induce 
not only proliferation of endothelial cells but also their 
migration [2]. Recent studies have revealed that leukotriene 
C 4 [3] and hepatocyte growth factor [4] can induce melanocyte 
movement in time-lapse photography and Boyden chamber assay, 
respectively. It has also been shown that stem cell factor (SCF) 
stimulates the movement of melanocytes on fibronectin [5]. These 
factors are well-described melanocyte mitogens [6-8], as are bFGF 
[9] and endothelin-l [10]. Thus, it is likely that not only prolifer-
ation but also cell movement are induced by these factors. 
By convention, cell biologists arbitrarily define cell movement 
based on the nature of the stimulus: no stimulus = random 
movement; equivalent concentration of attractant = chemokinesis 
(activated random movement); concentration gradient of attractant 
= chemotaxis; movement on extracellular matrix = haptotaxis. 
Previous studies have demonstrated that time-lapse photography is 
an excellent method for studying melanocyte chemokinetic migra-
tion [3,11]. We have performed a comprehensive study evaluating 
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lin-l were chemotactic. They produced directional 
migration and showed desensitization at higher con-
centrations. The greatest effect again was seen with 
100 nM endothelin-1. Stem cell factor showed no 
effect in this assay system at the concentrations 
tested. 
The four melanocyte mitogens-Ieukotriene C 4 , 
endothelin-l, basic fibroblast growth factor, and 
stem cell factor-stimulate melanocyte migration, 
and this migration may be either chemokinetic (acti-
vated random movement) or chemotactic (requiring 
a gradient, directional, and showing desensitization), 
depending on the conditions used. We believe that 
these factors may be effective in stimulating vitiligo 
repigmentation by inducing proliferation and migra-
tion of hair-follicle outer-root-sheath melanocytes 
into the depigmented epidermis. Key words: melanocyte 
movement/growth jactors/vitiligo/repigmentation. ] Invest 
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the effects of bFGF, endothelin- 1, SCF and leukotriene C 4 on 
melanocyte chemokinesis and chemotaxis combining time-lapse 
photography with Boyden chamber checkerboard analysis. 
MA TERIALS AND METHODS 
Melanocyte Culture Human neonatal foreskin melanocytes were cul-
tured as described previously [11]. Briefly, melanocytes and keratinocytes 
from neonatal foreskins were co- cultured in keratinocyte growth medium 
(K-SFM, Gibco Laboratories, Grand Island, NY) in T -25 flasks (Becton 
Dickinson Labware, Lincoln Park, NJ). Melanocytes were isolated from 
keratinocytes by selective trypsinization (0.05% trypsin and 0.02% ethyl-
enediaminetetraacetic acid in Hanks' balanced salt solution; Gibco) and 
seeded onto new T -25 flasks and fed K-SFM (2 mM Ca + +) three times per 
week for 1 week. No additional factors inducing protein kinase C activity or 
increase of intracellular cyclic adenosine monophosphate level were used in 
these initial cultures . Melanocytes from an individual donor were used 
within 6 weeks of primary culture. 
Time-Lapse Photography The time lapse photography assays were 
performed as previously described (11). Experiments were done simulta-
neously using two separate time-lapse video units which included an 
inverted microscope connected to a video camera (Nikon Inc. , Instrument 
Division, Garden City, NY) and a time-lapse video recorder Qavelin, 
Anaheim, CA and Toshiba America, Wayne, NJ). Melanocytes were 
trypsinized, washed, and plated onto two individual 24- well plates (Costar, 
Cambridge, MA) at a density of 6 X 103 cells per well. In one well, 
melanocytes were incubated in K-SFM (2mM Ca + +) without bovine 
pituitary extract for control (experimental medium), and in the other, with 
various concentrations ofbFGF, SCF, or endothelin- 1 in the same medium. 
Cells were incubated at 37°C, with 5% CO2 maintained by an incubator 
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Figure 1. Melanocyte movement was induced b y bFGF, SCF, endothelin-l (ET-l), and leukotriene C 4 (LTC4). Movement ofmelanocytes was 
recorded simultaneously using two time-lapse microscopy units. Individual melanocyte movement was plotted at 3-h intervals, and linear measurements of 
migration were made using cell nuclei as the reference points. Data are presented as mean::±:: SEM for 35 to 55 cells from four to six experiments. The 
time-lapse video units for control and experimental conditions were alternated. Open circles, without stimulus. Closed circles: A, 100 ng/rnl of bFGF; B, 100 
ng/ ml of SCF; C, 100 nM of endothelin-1; D, 100 nM of leukotriene C 4 • 
hood enclosing the microscope stage. A field of six to 15 melanocytes was 
chosen at random, and video frames were taken at a rate of one every 4 
seconds. For each experimental condition, four to six replicates were per-
formed, alternating the time-lapse video units used for the control and 
experimental conditions . Individual melanocyte movement was plotted at 
3- h intervals, and linear measurements of migration were made using cell 
nuclei as the reference points. Data were represented as the mean of 26 to 
61 cells viewed over 24 h . 
Boyden Chamber Checkerboard Analysis Boyden chamber invasion 
assays for bFGF, SCF, endothelin-1 and leukotriene C 4 (Cayman Chemi-
cals, Ann Arbor, MI) were performed using modification of the standard 
Boyden chamber assay [12]. Nuclepore fliters (Costar) with 8-J.Lm pore size 
were coated with type IV collagen (6 .75 J.Lg/cm 2, Sigma, St. Louis, MO). 
M elanocytes, 100,000 in 600 J.LI complete medium, were added to the upper 
chamber of the Boyden chamber apparatus. Lower chambers were separated 
by the filters and filled with 200 J.LI complete medium. For the checkerboard 
analysis, different combinations of attractants were added to the upper and 
lower chambers. After a 6-h incubation, the filters were fixed and stain ed to 
analyze the number of cells that migrated through the filters. Experiments 
were done four times, and data were represented as percent of control. 
Statistics Statistical analysis was done using the one factor analysis of 
variance (compact) version of the Superanova software for Macintosh 
computers. 
RESULTS 
Basic FGF, SCF and Endothelin-1 Stimulate Melanocyte 
Chemokinesis In the time-lapse photography experiments, mel-
anocyte chemokinesis was induced by bFGF, SCF, and endothe-
lin-l in a dose-dependent manner (Table I). The effects of these 
mediators at the highest concentrations used are shown in Fig 1. 
Whereas bFGF significantly (p < 0.05) enhanced melanocyte 
chemokinesis at concentrations of30, 60, and 100 ng/ml, SCF was 
chemokinetic only at a concentration of 100 ng/ml. Endothelin-l 
was effective in stimulating melanocyte movement at the concen-
trations of 10, 30, and 100 nM; endothelin-l at a concentration of 
100 nM was the most potent stimulator of melanocyte chemoki-
nesis (Table I). At a concentration of 3 nM, endothelin-l failed to 
stimulate melanocyte chemokinesis significantly (data not shown). 
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Table I. Melanocyte-Mitogen-Induced Chemokinesis Is 
Dose-Dependene 
% Control Migration at 24 h 
Stimulant 10 30 60 100 
bFGF (ng/ml) 111:!:4 143 :!: lOb 144 :!: 20c 164 :!: 17b 
SCF (ng/ml) 114:!:9 112 :!: 13 114:!:9 153 :!: 13 b 
Endothelin-l (nM) 142 :!: 13 c 170 :!: 13b ND d 234 :!: 23 b 
Leukotriene C 4 (nM) ND ND ND 166 :!: 17c 
a Swnmary of melanocyte-mitogen-induced chemokinesis as measured by time-
lapse photography. Data are presented as mean ::t SEM (26 to 61 cells were studied in 
each variable). 
b Statistically significant, p < 0.0t. 
e Statistically significant, p < 0.05. 
d ND, not done. 
No inhibitory effect on melanocyte movement was seen in this assay 
as the concentration of each factor was increased. All melanocyte 
growth factors tested induced melanocyte movement quantita-
tively. To determine the qualitative aspects of this enhanced 
movement, we measured the angles between reference points and 
used the sum of the angles from each cell movement as an indicator 
Table II. Melanocyte Chemotaxis Was Induced by bFGF, 
Endothelin-l, and Leukotriene C 4 , But Not by SCFo 
A) Lower Upper Chamber (bFGF, ng/ml) 
Chamber 
(bFGF, ng/m]) 0 10 30 60 
0 100 88 92 50 
10 112 71 98 66 
30 124 80 126 87 
60 121 80 88 104 
100 169" ND ND ND 
Upper Chamber (ET-l, nM) 
B) Lower Chamber 
(ET-l, nM) 0 3 10 30 
0 100 213 125 185 
3 88 213 213 75 
10 338c 250 73 200 
30 243 d 200 100 113 
60 283'" ND ND ND 
Upper Chamber (SCF, ng/m!) 
C) Lower Chamber 
(SCF, ng/m!) 0 30 60 100 
0 100 60 88 100 
30 129 55 147 129 
60 147 114 59 71 
100 112 76 100 71 
Upper Chamber (LTC .. , nM) 
D) Lower Chamber 
(LTC4 , nM) 0 3 10 100 
0 100 94 119 39 
3 19Y 128 133 30 
10 127 113 55 89 
100 84 59 44 20 
a Melanocyte chemotaxis was measured by Boyden chamber invasion assay, with or 
without various concentrations of each factor in upper and lower chambers. Data are 
pre ented as % migrated cells compared to the value without factor. When no p value 
is listed, data are not statistically significant. ND, not done; ET, endothelin; LT, 
leukotriene. 
b p = 0.008. 
e p = 0.004 . 
d P = 0.027. 
• P = 0.01t. 
f P = 0.0008. 
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Table III. Summary of Boyden Chamber Checkerboard 
Chemotaxiso 
Chemotaxis 
(a) Increased migration only 
with increased concentration 
below filter 
(b) 100 along diagonal 
(c) Desensitization 
Chemokinesis 
(d) Increased migration with 
increased concentrations both 
above and below filter 
(e) Increase along diagonal 
Leuko-










a In this table, chemotaxis and chemokinesis were defined as follows. Chemotaxis: 
migration dependent on concentration gradient of attractant showing (a) increased 
migration only with increased concentration below filter, (b) no increased migration 
along diagnonal (100 along diagonal), and (c) abolishment of increased migration at 
higher concentrations (desensitization). Chemokinesis: activated random movement 
showing (d) increased migration with increased concentration around the cells and (e) 
increased migration with increased concentrations in both the upper and lower 
chambers (increase along diagonal). 
of migration away from the ongm. None of the factors tested 
produced biologically significant linear movement (data not 
shown). 
bFGF, leukotriene C 4 and Endothelin-l Stimulate Melano-
cyte Chemotaxis To characterize further the types of melano-
cyte movement induced by melanocyte mitogens, we performed 
Boyden chamber checkerboard analysis. This assay allows assess-
ment of the effect of concentration gradients on cell movement, as 
attractant is added to both the lower and upper chambers of the 
apparatus. The diagonal represents equivalent concentrations. 
Points below the line represent a higher concentration gradient in 
the lower chamber. There were subtle differences between the 
different growth factors in this assay. Basic FGF was chemotactic, 
with a significant increase in the number of migrated cells at a 
concentration of 100 ng/ml in the lower chamber and no bFGF in 
the upper chamber, and showed a neutral effect along the diagonal 
(Table IIA) . SCF showed no significant effect in this system 
(Table IIC'). Leukotriene C 4 induced a significant increase in the 
number of migrated cells at a concentration of 3 nM in the lower 
chamber and no leukotriene C .. in the upper chamber. However, 
no increase was seen at concentrations of 1 0 or 100 nM in the lower 
chamber, indicating desensitization at these higher concentrations 
(Table lID) . Endothelin-1 was chemotactic, with a significant 
increase in the number of migrated cells at concentrations of 1 0, 30, 
and 60 nM in the lower chamber and no endothelin-1 in the upper 
chamber (Table liB). Although we observed increases in the 
number of cells migrated at various concentrations of endothelin-1 
in the upper and lower chambers, none of these changes were 
significant. 
The Boyden chamber data are summarized in Table III. Endo-
thelin-1, leukotriene C 4 , and bFGF all acted like chemotactic 
factors in the Boyden chamber assay, showing the greatest response 
with no attractants in the upper chamber. Endothelin-1 and leu-
kotriene C 4 showed desensitization at higher concentrations. En-
dothelin-1 showed some increased activity with attractant in the 
upper chamber, but the result~ were variable and statistically not 
significant. 
DISCUSSION 
Cell movement is a critical event during fetal development, wound 
healing, invasion and metastasis of malignant cells, and leukocyte 
trafficking. It is also known that migration of melanocytes from the 
hair-follicle outer root sheath into the clinically depigmented 
epidermis is crucial to repigmentation of vitiliginous skin [13,14]. 
We believe that an understanding of the mechanisms controlling 
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melanocyte movement will be invaluable in improving treatments 
for vitiligo. 
The goal of this study was to determine whether known mela-
nocyte growth factors could enhance melanocyte migration. We 
demonstrated that melanocyte mitogens can induce both melano-
cyte chemokinetic and chemotactic movement. It has been re-
'ported previously that both chemokinesis and chemotaxis can be 
induced in fibroblasts by a single factor [15]. It may be considered 
that chemokinesis induced by equivalent concentrations of a factor 
surrounding cells in time-lapse photography may reflect "turn on 
locomotion" signals, activating locomotive potency of melano-
cytes. On the other hand, chemotaxis vvith gradient attractants in a 
Boyden chamber study may indicate direction-oriented events that 
may follow the activation of locomotive potency. Time-lapse 
photography may be a more sensitive assay for chemokinesis than 
Boyden chamber assay, because only chemotaxis and not chemo-
kinesis was detected in our Boyden chamber checkerboard studies. 
Growth factor stimulation is just one part of the mechanism of 
cell migration. Cell migration involves a complex interplay be-
tween stimulatory factors and cell/cell and cell/matrix interactions. 
We have demonstrated previously that type IV collagen is a 
superior matrix for enhancing melanocyte migration and that this 
enhancement could be blocked by function inhibiting antibodies to 
a 2 and a 3 integrins [11]. It has also been reported that SCF 
up-regulates the expression of a3, as and f31 integrins on neonatal 
melanocytes and down-regulates a2 integrin [5] and that bFGF can 
modulate specific integrin expression of endothelial cells [16]. 
Thus, regulation of the cell-surface expression of integrins is a 
crucial component of cell migration. 
Recent studies have shown that focal adhesion kinase (P12sFAK) 
co-localizes with tensin, vinculin, and talin, which are focal adhe-
sion components, and that an integrin-ligand interaction results in 
p12sFAK activation [17]. Endothelin is known to be one of the 
stimulators for p12SFAK [18]. It is possible that the melanocyte 
mitogens activate p12sFAK and subsequently stimulate alterations in 
focal adhesion, intracellular cytoskeleton restructuring, or mem-
brane ruffling. 
All of the growth factors tested are produced in the epidermis 
and/or the dermis. Both bFGF [19] and endothelin-1 [20,21] are 
produced by keratinocytes and endothelial cells, whereas SCF and 
leukotriene C 4 are produced by fibroblasts [22] and mast cells [23], 
respectively. Regardless of the actual mechanism, these factors are 
able to induce melanocyte migration, and we believe that they are 
important mediators in the activation, proliferation, and migration 
of hair-follicle outer-root-sheath melanocytes during melanocyte 
repopulation in vitiligo. 
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